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Plasm a reactor for carrying out gas reactions , nnd mnfrhorl 
for the plasma- enhanced reaction of gases 



The invention relates to a device for carrying out gas re- 
actions, said device comprising a plasma reactor with a 
through- flow of gases, particularly a large -volume plasma 
reactor, which has a plasma chamber, particularly a cylin- 
drical plasma chamber. The invention further relates to a 
method for carrying out gas reactions wherein a flow of 
gases or a flow of gasif iable substances is guided through 
a plasma, especially a plasma that is excited by micro- 
waves . 

Gases may flow through a device comprising a plasma reac- 
tor, particularly a cylindrical plasma reactor, to which 
microwaves are fed via coupling points, whereupon gas reac- 
tions may occur due to high excitation of the gases by the 
plasma; in particular, it is possible to carry out synthe- 
ses of substances and gas purifying reactions. 

Known devices for the production of microwave plasmas con- 
sist of a plasma chamber, a microwave- feeding resonator 
with a microwave generator for producing the plasma, and 
coupling points, e.g. slots, antennas or the like, which 
are regularly arranged in the metal wall between the reso- 
nator and the plasma chamber for coupling the microwave 
into the plasma chamber. 

Known plasma reactors for carrying out gas reactions use 
thermal plasma jets that retire high powers of several 
times 10 kW and which heat the process gases to several 
times 1000 or even 10000 K. The power is introduced into 



small plasma volumes of several cm 3 with power densities of 
several times 1000-10000 W/cm 3 . 

According to DE 19 600 223 , the resonator, in the form of a 
ring of rectangular cross-section, surrounds the metal wall 
with coupling points of the cylindrical, tubular plasma 
chamber. 

Arrangements according to DE 19600223, for example, indeed 
produce non-equilibrium or non- thermal plasmas, in plasma 
chambers having a volume of several times 1000 cm 3 and 
power densities of several W/cm 3 , at a microwave excitation 
frequency of 2,45 GHz, but they do not permit throughput of 
larger volume flows and corresponding gas velocities. The 
efficiency of such non- thermal plasmas, i.e. power in- 
put/turnover is markedly better as there is not so much en- 
ergy wasted on the - generally useless - heating of the 
neutral gas . 

Also suitable as microwave excitation frequency are, in 
particular, the commercially employed 915 MHz and 440 MHz, 
with correspondingly scaled plasma sources. 

Known resonators that may be employed in accordance with 
the invention may also enclose a cylindrical wall of the 
plasma chamber with coupling points, either completely or 
as segments of a jacket having the same longitudinal axis, 
or they may be arranged within the cylindrical plasma cham- 
ber, e.g. in its axis. Due to the geometry of the resonator 
and the essentially tubular-cylindrical plasma chamber, and 
due to the regular arrangement of the coupling points be- 
tween resonator and plasma chamber, certain wave patterns, 
so-called modes, are produced in the interior of the plasma 
chamber with optimal effectiveness of the plasma. The mi- 
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crowave generator may also be complemented or replaced by 
chemical, electromagnetic or high- frequency excitation. 

Gases in the plasma chamber are excited by the plasma, 
whereby # inter alia, luminous effects are created. With the 
known reactors, it is of disadvantage that a gas flow dis- 
turbs the plasma even at low flow rates and pushes the 
plasma out of the chamber and causes the plasma to break 
down, which is thereby extinguished. It is not possible to 
achieve high gas throughputs and high gas flow velocities 
with the known reactors. 

Known gas reactions and gas syntheses can also take place 
in the arc with discharge electrodes; here, the tempera- 
tures are too high for many purposes, the gas flow is im- 
peded by the electrodes, and the high energy consumption is 
disadvantageous . 

It is the object of this invention to obtain a well dis- 
tributed, stable, and in particular non- thermal, plasma, 
and thereby obtain an optimal activation of the gas, in 
particular at high throughputs, in particular to harness 
such mi crowave -excited, i.e. electrode-free, large-volume 
plasma sources for high gas velocities of several m/s up to 
several times 10 m/s, and to ensure stable long-term opera- 
tion, particularly at pressures of several times 100 mbar 
up to several times 10 bar. 

To achieve this object a plasma reactor with a through-flow 
of gases, for gas reactions with flow-forming elements for 
guiding the gas flow is proposed, as well as a method for 
carrying out gas reactions with high volume flows using 
this device. 
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Considered as reaction gases are, in particular, gases that 
are difficult to activate and are thus poorly reactive, 
e.g. carbon dioxide, water, also nitrogen, methane and 
natural gas . 

According to the invention it is provided to form at least 
one, particularly central, zone in the gas stream which is 
flow- reduced by means of the flow- forming elements. Within 
such a flow-reduced zone it is possible to produce the 
plasma in a particularly stable manner. 

Even at high overall gas flow velocities the plasma remains 
stable since in the flow-reduced area, the velocity of the 
gas flow is reduced, so that a break-down of the plasma is 
prevented even at high gas throughputs. 

By means of the gas flow-forming elements it is in particu- 
lar achieved that 1) there occurs only a week contact be- 
tween the plasma and the reactor wall (recipient; made, for 
example, of a quartz glass tube or ceramics tube), and that 
2) there is created a flow- reduced zone (as a rule in the 
centre of the plasma source or of the recipient) . 

Point 1) leads to a long service life of the device accord- 
ing to the invention due to the low thermal load on the re- 
cipient, and point 2.) leads to a stable power input into 
the plasma. 

The invention relates to large-volume plasma sources, i.e. 
plasma sources where the plasma chamber volume is larger 
than the volume of a lambda piece (one wavelength) of the 
feed microwave guide (generally a wave guide), and/or 
plasma sources whose length (in the direction of the flow) 
is greater or equal to one wave length. 
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The remote region of the plasma source where the plasma is 
blown out by the gas flow is not counted as part of the 
plasma chamber volume, but only that region where the 
plasma is still fed with microwave power. 

In particular, the invention does not relate to the known 
plasma jet sources, which have small plasma volumes. Like- 
wise, the invention does not relate to the known low- 
pressure plasma sources. 

In accordance with the invention, the device comprises a, 
preferably cylindrical-tubular, plasma chamber with a 
through- flow of gases as a plasma reactor with coupling 
points for feeding microwave power, possibly via a micro- 
wave-feeding resonator and flow-forming elements for form- 
ing the gas stream. The feed resonator, e.g. in the form of 
a wave guide ring or coaxial resonator, may completely or 
at least partially enclose the plasma chamber in the form 
of a jacket or partial jacket, whereby the plasma chamber 
itself may form modes as a resonator. 

In this connection it may be provided to operate the plasma 
in a pulsed manner, e.g. with pulse frequencies of 1 Hz to 
50 kHz. Pulsing can be produced by pulsed control of the 
microwave generator or pulsed coupling into the plasma re- 
actor, particularly the resonator. In this way, the conver- 
sion of substances can be improved and the energy input in- 
creased. 

The production of a plasma by microwaves has the advantage 
of being able to produce a non- thermal plasma, that is, a 
plasma which has a high energy portion with regard to the 
electron excitation, but shows little thermal heating. This 
results in an energy efficiency that is higher than com- 
pared to other ways of plasma production, e.g. by arc. The 



energy required is, by a factor of approximately 10 to 100, 
lower than in the production of thermal plasmas. 

At the end faces of the plasma reactor there may be pro- 
vided connections for feeding of gases, and on the opposite 
side connections for gas outlet, with the flow- forming ele- 
ments or devices distributing the gases and causing a gas 
stream, particularly a rotating gas stream in whose central 
part the rotation speed is lowest, so that in the rotation 
centre the flow-reduced zone is formed. 

One embodiment of the invention relates to an arrangement 
wherein the gas stream which is fed into the plasma chamber 
is put in rotation immediately before the chamber, by means 
of flow-forming elements. 

Another embodiment includes flow-forming elements which de- 
flect the gas stream immediately after the plasma chamber 
and thereby cause a rotation of the gas stream in the 
plasma source . 

The plasma chamber, which is preferably of cylindrical 
shape, and the arrangement of the coupling points, as well 
as in particular the distribution of the gas stream with at 
least one flow-reduced zone produce a well-distributed and 
stable plasma and thus optimal activation of the gases. 

The process has the advantage that it is also possible to 
produce large plasmas, particularly at the microwave fre- 
quency of 2.45 GHz. Thus, the volume of the plasma chamber 
may preferably be in the range of 0 . 5 to 5 litres. This 
leads to plasma excitation zones of 1 to 2 litres, wherein, 
preferably, a reduction of the gas flow is produced. 
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The arrangement of the flow-forming elements, which pref- 
erably is symmetric to the axis of the reactor, can be ex- 
ploited to produce a flow reduction in an especially effec- 
tive manner, particularly by means of the above-mentioned, 
preferred rotation of the gas stream. The distribution and, 
preferably, rotation of the gases in the entire plasma 
chamber of the reactor and of the reaction tube by means of 
the flow- forming elements enable high substance or gas 
throughput and high conversion of the substances which are 
to be reacted. 

The feed of the microwave power via the coupling points 
preferably takes place by feed ring resonators or coaxial 
resonators which may surround the plasma chamber as a 
jacket or partial jacket. 

Suitable as flow-forming elements are, inter alia, baffle 
plates, nozzles, diaphragms, grids, cones, baffle bodies, 
vortex tubes, cyclones, turbines or perforated orifice 
plates, either as alternatives or in combination with one 
another . 

It is preferred that the flow-forming elements be arranged 
so as to be adjustable in order to shift the gas stream if 
required and, for example, to calm the gas stream to a 
greater or lesser degree. 

In particular, adjustable ring diaphragms or ring nozzles 
in symmetric arrangement relative to the supplied gas 
stream and to the axis, and/or tangent ially feeding nozzles 
in annular arrangement enable the rotation in the reactor 
and the reaction tube or secondary reaction tube. Such 
flow- forming elements are especially effective at the gas 
inlet and at the gas outlet of the reactor, and at the be- 
ginning of the reaction tube. 
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The flow- forming elements enable an ordered, e.g. rotating, 
guiding of the gases and unexpectedly high gas velocities, 
i.e. high throughputs, whereas the gas is not driven out of 
the reactor completely since the flow-reduced zone provides 
a stable plasma. 

Excitation of the gases by the plasma may take place in the 
reactor while the further reaction takes place only in the 
reaction tube. For this reason, it is preferred that a part 
of the gases or one of several reaction components or inert 
gases be supplied to the gas stream at the outlet of the 
reactor. Auxiliary substances can also be supplied at the 
gas inlet or in the reaction tube. 

With the device comprising the flow- forming elements it is 
made possible to handle the gases in the range of atmos- 
pheric pressure at 0 . 1 up to 10 bar, especially at a pres- 
sure of 0.3 up to 1.5 bar. In 2.45 GHz reactors, for exam- 
ple, with a diameter of 100 mm, for example, gas streams of 
0.1 m 3 /h up to 300 m 3 /h, especially of 10 to 100 m 3 /h, for 
example, are achieved. In this connection, gas flow rates 
of 1 to 15 m/sec are achieved. Reactors with a diameter of 
up to 100 0 mm yield substantially larger throughputs of up 
to several 1000 m 3 /h. 

If a reaction tube follows, this tube preferably has the 
same axial direction, but may have a different diameter. 

The gases are activated to such a high degree by the plasma 
that cooling of the gases may be advantageous or necessary. 
For this purpose, cooling elements such as chambers or 
cooling jackets in the wall of the reaction tube and possi- 
bly at the gas inlet and gas outlet of the reactor may be 
used. 
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Effective cooling may, in particular, take place by means 
of gases in the form of a cooled gas stream or as a supply 
of cold gases such as argon or in the case of syntheses of 
part of the reaction partners at the beginning or into the 
reaction tube. By specific cooling it is possible to form 
products selectively. Cold gases are preferably supplied by 
means of ring nozzles, slit apertures or tangent ially ef- 
fective injection tubes, which may at the same time serve 
as flow- forming elements. By means of these cooling ele- 
ments and the addition of, possibly cold, gases it is pos- 
sible to set those temperature ranges which have the high- 
est degrees of conversion and the highest yields for the 
respective reaction or conversion which is being carried 
out . 

Preferred temperature ranges are from 100 to 1000 degrees 
Celsius. Degrees of conversion of up to 100% and yields in 
the range from 10% to 100% can be achieved. 

A recipient which can be permeated by the microwaves, e.g. 
of quartz glass, ceramics or the like, may be arranged in 
the reactor, parallelly to the cylinder wall. The wall of 
the recipient may continue into the reaction tube or form 
the reaction tube. 

Measuring instruments or tubes for sampling and/or a dis- 
placeable feed for further gases or cooling agent may pro- 
trude into the reaction tube (see Fig. 1), in particular in 
axial direction from behind. In the reaction tube, cata- 
lysts of any type can be used to accelerate the respective 
reactions; these may be provided, in particular, on bot- 
toms , especially in a displaceable basket, or as granules, 
nets or the like. 
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The method for carrying out gas reactions by plasma- 
enhanced conversion can particularly be carried out with 
the described device. The flow- forming elements cause a 
distribution of the gases which leads to a flow reduction 
within the gas stream, whereby particularly in the flow- 
reduced zone of the gas stream the gas is able to burn 
stably. Particular preference is given to a rotation of the 
gas stream, by means of which it is possible to signifi- 
cantly increase the flow velocity and the throughput as 
well as the completeness of the conversion. By cooling the 
device and by supplying cooled starting materials, cold 
gases or auxiliary materials, the throughput and, depending 
on the reaction that is carried out, the degree of conver- 
sion are increased. 

Activation or excitation of the reaction components takes 
place in the plasma reactor. Activation of the gases sup- 
plied above the plasma sources takes place in the entrance 
to the reaction tube, as far as the plasma is driven to 
said entrance with the gas stream, which is possible when- 
ever the plasma is maintained stable in the reactor. The 
actual conversion mainly takes place in the reaction tube. 

It is often useful to guide only part of the gases or only 
one of several reaction components through the plasma reac- 
tor, and to feed further components, auxiliary gases or 
even liquid substances such as water at the beginning of 
the reaction tube. Particularly by feeding cold gases of 
any type only into the reaction tube and by cooling the re- 
action tube, the temperature of the reaction is controlled 
and the quantity which is put through and the degree of 
conversion are increased. 

Catalysts that are suitable for the respective reaction 
which is carried out may, for example, be applied in a 
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known manner and shape on carriers, arranged on bottoms in 
the reaction tube, or, advantageously, employed in a dis- 
placeable catalyst basket. Streams of cold gases or auxil- 
iary gases, for example, may be blown directly at sensitive 
catalysts. Finely dispersed powders, hence also finely dis- 
persed catalysts, suspensions or catalytically acting gases 
may be guided directly through the plasma reactor. 

With stationary or pulsed plasmas in the device the pres- 
sure may be 0.1 to 10 bar, particularly within the range of 
normal pressure. 

Gas velocities of e.g. 0.1 to 10 m/s, with a tube diameter 
of e.g. 100 mm, that is, with a very small diameter and 
small apparatus, are possible. 

Volume flows of gas from 1 to 300 m 3 /h are achieved. With 
tube diameters of 300 to 1000 mm, correspondingly high 
throughputs of 100 up to several times 1000 m 3 are possi- 
ble. 

Due to the strong plasma excitation, the temperatures of 
the respective gas reactions are lower than in correspond- 
ing reactions carried out, for example, in the arc or by 
thermal excitation. For this reason, in particular so- 
called non-thermal plasmas in a temperature range of pref- 
erably 200 to 2000 degrees Celsius are produced with the 
present invention. The material of the device, inter alia 
stainless steel or quartz glass, is therefore only under 
little stress, it is not subject to material damage or cor- 
rosion and has a long service life. The catalysts, too, 
have long service lives. 

The purification of waste gases or residual gases, for ex- 
ample from industrial processes, as well as the synthesis 
of substances can be carried through from gases or gasif i- 
able li<juids in the gaseous phase, especially from poorly 
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activatable gases such as C0 2 , N 2 , SF 6 , CF 4 , C 2 F 6 or H 2 0. 
Gaseous or vaporous pollutants can be destroyed by means of 
a suitable reduction or oxidation agent in a stream of pol- 
lutants . 

It is frequently possible to achieve high yields and de- 
grees of conversion of up to 100%. 

To produce synthesis gas, it is possible to utilize water 
vapour and hydrocarbons. It is likewise possible to produce 
synthesis gas from liquid or gaseous hydrocarbons and car- 
bon dioxide at neutral gas temperatures of below 1000 °C, 
with and without the use of catalysts. 

To produce hydrogen it is possible to convert, for example, 
natural gas by means of, for example, argon plasmas or hy- 
drogen plasmas . 

Examples of syntheses of substances from gases are the pro- 
duction of ammonia from nitrogen and hydrogen in a molar 
ratio of 1:3, as well as pyrolysis reactions, e.g. the de- 
composition of methane or other hydrocarbons to hydrogen 
and f ine-particulate, highly active carbon black, which has 
numerous applications, inter alia as toner for photocopi- 
ers. An important reaction is the production of synthesis 
gas, i.e. of CO and H 2 from methane or lower hydrocarbons. 
In this connection, deviations of 20% from the theoretical 
molar quantities are possible. The conversion of dry water 
vapour with methane takes place in a molar ratio of 1:1 and 
theoretically yields 3 mol H 2 per mol CO; it is therefore 
predominantly utilized for the production of hydrogen. The 
conversion of C0 2 with hydrocarbons, calculated as methane, 
yields equal molar amounts of CO and H 2 and serves to pro- 
duce subsequent products from synthesis gas. A surplus of 
methane, or the addition or recirculation of hydrogen de- 
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creases side reactions and makes it possible to achieve 
conversions of even up to 98%, with a very high selectiv- 
ity. Hydrogen or recirculated synthesis gas can be added 
via the ring nozzle 11 according to Fig. 1, for example. 

It is possible to use catalysts in the reaction tube. This 
applies, in particular, to heterogeneous catalysts on suit- 
able carriers, such as aluminium oxide or silicon oxide. 
Also suitable as catalysts are coated monoliths as well as 
zeolites with and without doping. 

Suitable as active components of the catalyst are, for ex- 
ample, all metallic oxides, e.g. iron, copper, zinc or 
nickel oxide, as well as mixed oxides of a plurality of 
metals. Apart from these oxides it is also possible to use 
pure metals. These are, for example, palladium, platinum, 
rhodium, as well as copper, iron, cobalt, titanium, nickel 
and zinc. 

The introduction of catalysts in this context preferably 
takes place on displaceable bottoms. 

High-quality, long-chain and/or aromatic hydrocarbons can 
be formed by employing gaseous olefins, namely by feeding 
with or without reaction with carbon dioxide and with or 
without catalysts . 

Possible reactions with catalysts are the formation of 
long-chain hydrocarbons with and without insertion of oxy- 
gen, similar to the Fischer-Tropsch process, of aromatic 
molecules, the synthesis of ammonia, as well as the yield 
increase and prevention of soot formation in the production 
of synthesis gas. The process is thus suitable for the pro- 
duction of ammonia or hydrazine from mixtures of hydrogen 
and nitrogen, with and without the use of catalysts. 
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The purification of waste gases results in the complete pu- 
rification,, by oxidation, of a variety of waste gases from 
unwanted, harmful or poisonous components such as carbon 
monoxide, dioxin, furans, fluorochlorinated hydrocarbons, 
f luorohydrocarbons, chlorohydrocarbons and further carbon 
compounds. The device enables the supply of, for example, 
air or oxygen, or of reductive gases such as ammonia, hy- 
drogen or mixtures thereof with waste gases through the gas 
feeds. By selecting suitable temperatures, choosing suit- 
able additives and effective catalysts, it is thus possible 
to also purify waste gases that are difficult to convert or 
the conversion of which is frequently incomplete. 

Examples of convertible waste gases are residues from the 
production and processing of crude oil and natural gas and 
from chemical reactions, as long as the residues of the 
starting materials or products are not worth recovering or 
a purification by oxidation or reduction without further 
conversion is necessary prior to disposal to the environ- 
ment . 

The drawings of Figures 1 to 4 show, in section, the device 
according to the invention for carrying out gas reactions 
by means of plasma treatment. In the drawings, the known 
feed resonator and the coupling elements in the wall of the 
plasma reactor are partly omitted. 

Fig. 1 shows a device, wherein a, for example rotating, gas 
stream of the starting materials is introduced from below, 
through the end face of the* plasma chamber, by means of the 
gas inlet 1, which is configured as a flow- forming element; 
the gas stream is distributed in the plasma reactor or in 
the plasma chamber 2, is guided further through the reac- 
tion tube 5, which has the same axis as the reactor, 



brought to full reaction, and is finally disposed at the 
gas outlet 12. 

Cooling chambers 10 , which are configured so as to be ring- 
shaped, and cooled rings 3 are arranged at the gas inlet 
into the reactor and at the gas outlet of the reactor, re- 
spectively the inlet into the reaction tube. Feed lines for 
further gases or auxiliary substances are arranged in the 
form of annular nozzles 11 at the outlet of the reactor, 
and as displaceable axial tube 6 with gas introduction to- 
wards the gas stream. A measuring device 13 and a displace- 
able sampling device 9 are inserted through the cooling 
head 8. 

If the reaction tube 5 is made of glass, quartz or the 
like, it can be enclosed by a protective tube 4 of metal. 
The displaceably arranged catalyst basket 7 contains a 
catalyst which is granulated or applied to a carrier and 
which accelerates the respective gas reaction which is be- 
ing carried out. 

Fig. 2 shows, in section, a device for gas treatment, with 
plasma chamber 2, the ring-shaped plasma resonator 14 feed- 
ing the plasma, and the recipient 15 made of quartz. The 
gases coming from the gas inlet 1 are guided by the flow- 
forming element 16 in the manner of a turbulence chamber 
through drilled holes 17, arranged in rows, tangent ially to 
the axis, in rotation (indicated by arrows), at high speed 
through the plasma chamber 2, to the perforated orifice 
plate 17 into the reaction tube 5 for secondary reaction. 
Additional gas or a reaction component is guided through 
the connecting branch 18 into a jacket space surrounding 
the reaction tube 5, and through the annular gap 19 into 
the reaction tube 5, in the direction of the gas outlet 12. 
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Fig, 3 shows a section of a device for plasma treatment 
with schematically indicated plasma chamber 2 and with a 
recipient 15 , made of quartz glass, which is continued as a 
reaction tube. Cone 20, as a flow-forming element in the 
gas inlet 1, distributes the gas stream, indicated by ar- 
rows, and leads through the plasma chamber to the gas out- 
let, which is not shown. Behind the cone, a central, flow- 
reduced zone is formed. 

Fig. 4 shows a section of a device as shown in Fig. 3, but 
with a displaceable annular gap 21 at the gas outlet 1 and 
with a perforated orifice plate 22 leading to the reaction 
tube. The reaction tube and the plasma chamber have an un- 
interrupted wall 15. Suspensions and f ine-particulate 
granulates can be guided, along with the gases, through the 
plasma reactor 2 and the reaction tube, and can be dis- 
charged at the outlet. 

Fig. 5 shows examples of possible reactions. 



